Abstract For developing a climbing robot which is used to inspect and maintain a wind power tower, the magnetic unit is one of the key components. Based on analysis of the working conditions of the robot, the approach in this paper is to use four common kinds of magnetic units for adapting to the conical surface. The magnetic circuit of these units is given by theory analysis and is simulated using ANSYS. Moreover, the magnetic force is analysed in detail and the results prove that the magnetic force is greatly influenced by the gap between the unit and the wall surface. In this paper, the design procedures and selection criteria based on the analytical results are given. Meanwhile, these units are compared with each other with the aid of ANSYS. From the results of this comparison, it can be ascertained that the unit using Installation C has the better performance. Furthermore, the effectiveness of the magnetic unit using Installation C is verified by a prototype. The simulations and experiments show that the magnetic unit can allow the robot to keep in contact with the conical wall surface as well as the plane wall surface.
Introduction
As specialized robots, climbing robots have so far been studied because they work in high altitude environments on varied wall surfaces. These robots are widely and effectively used in many industrial environments instead of human beings such as in the inspection of nuclear waste and oil store tanks [1] [2] [3] [4] , maintenance of boiler water-cooling tubes [5] , sand-blasting and painting in the ship building industry [6] , cleaning high building surfaces [7] [8] [9] [10] [11] [12] and rescuing in emergency situations [13] [14] .
Traditional climbing robots can be classified into four types according to the adhesion methods: vacuum or negative pressure robots, robots with propellers, bionic adhesion robots and magnetic adhesion robots [15] . The adsorption function of vacuum or negative pressure robots is accomplished by the pressure difference inside and outside of the sucker. They can work on various wall surfaces, but the demand for smoothness is high. Robots with propellers take advantage of the high-speed airflow produced by the propeller which means the robot inclines toward the wall surface. While they do not have leakage problems and can climb on wall surfaces of various shapes and materials, they have the shortcoming of annoying noise, large size and inefficiency. Bionic adhesion robots imitate the adhesion methods of geckos or snails. They have the advantages of low power demand and novel structure, but they are of low load capacity and are limited by the development of biology, material and microfabrication techniques, etc. Magnetic adhesion robots make use of the magnetic force between a magnet and an iron wall surface. Although the magnet unit of the robot can easily adhere to the iron wall surface, it cannot adapt to anomalous surfaces stably. So it is important to design an adhesion mechanism for these robots.
For the purpose of inspecting and maintaining a wind power tower, several conditions should be considered when designing a wall climbing robot. Firstly, the payload of the robot is as large as possible because it not only carries its own weight but also the work device. Secondly, it should be capable of overcoming the adverse effects caused by strong winds, ash and welding areas, etc. Thirdly, the robot must be qualified to work on a wall surface with variable sections because the surface is conical. Finally, it should be able to climb in portrait orientation and landscape orientation to detect the defects of the vertical and horizontal welding seams inon the tower. The appropriate adsorption force is one of the basic requirements for the robot. If the magnetic force is too weak, the climbing robot cannot adhere to the wall surface. However, if the magnetic force is too strong, the power consumption would be too high and the mobility would be reduced. Much research effort has been made to improve the magnetic adsorption units. Xueshan Gao, Dianguo Xu and Yan Wang et al. presented a kind of special magnetic block structure which was used in their multifunctional robot to maintain boiler water-cooling tubes [16] . Weimin Shen, Jason Gu and Yanjun Shen presented the design of a permanent magnetic system for a wall climbing robot [17] .Yao Pingxi and Li Dewei introduced a new permanent-magnet adhesion device of an adjustable pole for their wheel-type robot [18] . Yi Zhengyao, Gong Yongjun and Wang Zuwen et al. analysed the magnetic sucking mechanism unit of a large load wall climbing robot [19] . Zeliang Xu and Peisun Ma presented a permanent magnetic sucker mechanism used for a wall-climbing robot which measured oil tank volumes [20] . At present, these magnetic units can be applied to plane wall surfaces or arc wall surfaces with a large radius. But, for executing the task on a wind power tower, the unit has difficulty in adhering to the surface with a small radius and working on the high-raised tower carrying a heavy operating device. So the question of how to design a magnetic adhesion unit which has strong adsorbability and adaptability is very important for developing the inspection robot. We will focus on the unit which uses the least magnets to gain the biggest magnetic force. A unit which has prominent integrated performance is put forward.
In this paper, the selection criterion of magnetic unit is given by the theory analysis and simulation. The paper is organized as follows. The force analysis and force relation of the robot on the wall surface is explained in section 2. In section 3, the common structures of the magnetic unit mounted on the climbing robot are discussed. In section 4, the unit is analysed by theory analysis and simulation, and compared by using ANSYS. The stability and efficiency of the chosen magnetic unit are verified by experiments in section 5. In section 6, the conclusions and future works are discussed.
Force analysis
The steel wind power tower has a conical wall surface, the height of which is 70-80m and the radius changes from bottom to top in the range of 10m to 3m. When the robot climbs on such a wall surface, its trajectory is a conical helix as shown in Fig.1 . There are two major risks when it is doing so: first, the robot may fall over from the wall and second, sliding along the wall. In each case the robot will not stay on the wall safely. Hence it is necessary to analyse these two situations in particular. The analyses are shown in Fig.2 . At y direction, the following equation can be attained: 
The magnetic force provided by each magnetic unit is the same due to the same magnets and the same magnetic circuits. Nevertheless, the support force acting on the bottom of the track is bigger than that on the top. Assume that there is a relationship as follows:
There is no relative motion between the magnetic units and the wall surface, so static force f s acts on the robot.
Then the following relationship can be attained:
Referring to Eq. (1) and Eq. (2), in order to overcome the gliding tendency, the magnetic force F i should satisfy the following condition:
To the bottom of the track there is the torque balance equation as follows:
where l i is the distance between the bottom of the track and the magnetic unit numbered i; h is the height of the robot's centre; the distances between each magnetic unit are the same and they are assumed as l.
In order to prevent the robot from overturning, the support force between the wall surface and the robot should be bigger than zero. Therefore F i should satisfy the following condition:
Eq. (3) and Eq. (5) show the conditions which the magnetic force should satisfy when the climbing robot makes itself adhere reliably to the tower wall. The force needed is influenced by conical angle and the number of the magnetic units adhering to the wall m.
Common magnetic units
In order to provide enough adsorption force, the magnetic flux of units should flow through the iron wall surface rather than the gap. There are four types of magnetic units that can meet the demand. The magnetic unit using Installation A is shown in Fig.3 . There is one magnet in the unit. Both poles of the magnet are fixed by a yoke iron with high permeability. The bottom of the magnet is fixed by a copper block or other materials with low permeability and the top of the magnet adheres directly to the wall surface. As seen in Fig.4 , by using Installation B, there is one magnet fixed by a yoke iron. One pole of the magnet adheres to the wall surface and the other is fixed by the yoke iron.
In Installation C shown in Fig.5 , there are several magnets and each magnet is installed with the same pole. The bottoms of the magnets are fixed by a copper block or other materials with low permeability and the top of the magnets adhere to the wall surface directly. Each magnet is separated by a yoke iron with high permeability. 
Theory analyses of magnetic units
Usually, the magnets used in these magnetic units are NdFeB which has good magnetic capability, such as great coercivity, good magnetic property consistency and a lower temperature coefficient. As shown in Fig.7 , a permanent magnet will work on the demagnetization curve when the magnetizing field is reduced. Nevertheless, when the demagnetizing field is reduced, the magnetic field recovers along the recovery curve with a small radian which can be simplified as a line. Fig.8 shows that the recovery curve and the demagnetization curve of NdFeB can be simplified as the same line on account of their coincidence [21] . 
Theory analysis of magnetic units using Installation A and C
The magnetic unit using Installation A is a single-loop unit while Installation C is a multiloop unit. Installation A can be seen as the simplification of Installation C, so the analysis of Installation A can be applied for Installation C equally. Fig.9 shows the magnetic circuit of Installation A. When the robot works, there are three possible states. Most of the magnetic flux flows through the iron wall surface when the unit adheres to the wall surface, as shown in Fig.9 (1). When the magnetic unit is out of contact with the wall surface, as shown in Fig.9 (2), some magnetic flux flows through the iron wall surface whilst the other flux leaks to the gap between the magnet and the wall. As shown in Fig.9 (3) , all of the magnetic flux flows through the gap when the magnetic unit is separated from the tower wall. 
According to Eq. (6), the magnetic force which acts on the wall surface is shown as follows: If the magnet used in the unit is as shown in Fig.10 , the magnetic force can be expressed as follows: When the magnetic unit works on the initial point A, the situation of NdFeB is shown in Fig.9 (3 
where the unit of B is Gauss and the unit of H is Oe.
It is assumed that there is no leakage flux when the magnetic unit adheres closely to the wall surface and the saturation induction density of the yoke iron is B s . Then, the following formula can be attained to make the magnetic flux in the iron yoke unsaturated. 
Theory analysis of magnetic unit using Installation B
The magnetic circuit of the unit using Installation B is shown in Fig.11 . It shows that the magnetic flux which flows through the wall surface is small because of the yoke iron around the magnet. The magnetic force which Installation B provides is small. 
Theory analysis of magnetic unit using Installation D
The magnetic unit using Installation D can be simplified as shown in Fig.12 . When the unit keeps contact with the wall surface, as shown in Fig.12 (1) , all of the magnetic flux flows through the wall surface with high permeability. However, as shown in Fig.12 (2) , when the magnetic unit is out of contact with the wall surface, only a portion of magnetic flux flows through the wall surface. The rest of the flux is lost in the gap between the wall and the unit. Fig.12 (3) shows that when the magnetic unit is The same as in Installation A, the magnetic force of Installation D can be explained as follows. 2 2
If the magnet used in Installation D is shown in Fig.13 , the magnetic force is expressed as follows. Figure 13 . Magnet used in the magnetic unit using Installation D Fig.13 shows that there is a yoke iron between the magnets installed in Installation D. Therefore the effective length L  can be seen as zero, i.e., L  = 0 [23] . Then the initial operating point can be expressed as follows.
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The same as in Installation A, the magnetic flux in the yoke iron cannot be saturated. Then, the relationship between the thickness of the yoke iron and the size of magnet is shown as follows. l, h, a and a are shown in Fig.13 . analysis results. The simulation and analysis results of Installation A, C and D are shown in Fig.15 (1), (3) and (4) . The simulation result of installation B is shown in Fig.15 (2) . Therefore the following issues can be ascertained from Fig.15 : the magnetic force of a magnetic unit descends dramatically when the gap increases; the magnetic force of the unit using Installation B is small because the majority of the magnetic flux flows through the yoke iron around the magnet; the magnetic force analysed by theory is a little bigger than simulations, for some influencing factors of magnetic force, such as ash, are neglected. The magnetic forces of the units using Installation A, B, C and D are compared in Fig.16 . The size of the magnets used in these units is the same. In Fig.16 , the magnetic force of Installation D is the biggest when the gap is small, but the force drops dramatically as the gap increases. The initial magnetic force of Installation C is smaller than Installation D. However, the influence of the gap is smaller. The magnetic force provided by Installation B is the smallest. This is because most of the magnetic flux flows through the yoke iron rather than the wall surface. When the robot with single-loop magnetic units encounters obstacles, the magnetic circuit of the unit would be damaged. Fig.17 (1) and Fig.17 (2) show that when the multiloop magnetic unit encounters an obstacle, although a part of the magnetic circuit is destroyed, high magnetic force can still be attained by other magnets whose circuits are not damaged completely. Hence the multiloop magnetic unit is preferred. For multiloop magnetic units, sufficient magnetic force is provided by Installation C. Moreover, the antiinterference capability and damage resistance capability of Installation C are better than that of Installation D whose magnets are directly attached to the wall surface. 
Simulation analysis and comparisons of the magnetic units
Single-loop magnetic unit Multiloop magnetic unit Therefore, the magnetic unit using Installation C is used for the magnetic climbing robot.
Prototype and experiment
A robot prototype whose magnetic units are that of Installation C was designed. The prototype is made of aluminium alloy and its weight is 30kg. 5 6 36   NdFeB magnets whose pole is on the 6 36  plane are used in its magnetic unit. The magnetic force is tested in Fig.18 and the result is shown in Table 1 . The force of only one unit can achieve 140N, which is strong enough for the robot to keep attached to the wall surface if a number of the units are mounted on the robot moving mechanism. In installation C, as shown in Table 1 , the error between the testing result and the analysis result is smallallowable in engineering design. The analysis result is a little bigger than the testing result because the factors influencing magnetic adsorption are simplified in the analysis and the wall surface is not very smooth. The relationship between the magnetic force needed and the number of the unit adhering is shown in Fig.19 . The force decreases exponentially when the number of the unit which keeps contact with the wall surface increases.
In the prototype, there are six magnetic units in one row track which keep in contact with the wall surface due to the structure. Referring to the relationship shown in Fig.  15 , the gap can be reached at 3mm, so the adaptability of the robot on the surface could be promoted.
In the laboratory, the maximum radius of the tower is 10m, which is sufficiently large compared to the size of the robot. Therefore it is reasonable to assume the tower surface as a plane. As for the smallest radius in the area of the tower, this is simplified as a cylindrical wall with a radius of 2m. The experiments are shown in Fig.20 . Fig.20 (1) shows that the prototype can adhere closely and steadily to the wall surface. In order to detect the horizontal as well as the vertical welding seam, the robot should be able to climb horizontally and vertically and the experiments are shown in Fig.20 (2) and Fig.20 (3) . Based on inspection and maintenance of a wind power tower, the specially designed magnetic units for the climbing robot have been described. In order to attain the optimal magnetic force with the fewest magnets, the magnetic unit should be made the most of the magnetic flux flows through the wall surface, so there are four common types of magnetic units which satisfy the condition mentioned above.
The analyses of the magnetic units have been described comprehensively. Installation A and B are single-loop, and the magnetic force provided by Installation B is weaker than others because the magnetic flux leakage is the greatest. Installation C and D are multiloop magnetic units with better performance than the single-loop unit. The initial magnetic force provided by D is the stronger of the two. But the force of Installation C is sufficient for climbing action. The magnetic unit using Installation D is easily damaged and influenced by the environment. Hence, the optimal choice for the climbing robot magnetic unit is Installation C. Through the experiments in the laboratory, it has been proved that the robot prototype with Installation C performed effectively and reliably. 
Further work needs to improve the stabilization and adaptability of the magnetic unit in continuous practical cases.
